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We previously reported that the vesicular monoamine trans-
porter 2 (VMAT2) is physically and functionally coupled with
Hsc70 as well as with the dopamine synthesis enzymes tyrosine
hydroxylase (TH) and aromatic amino acid decarboxylase, pro-
viding a novel mechanism for dopamine homeostasis regula-
tion. Here we expand those findings to demonstrate that Hsc70
physically and functionally interacts with TH to regulate the
enzyme activity and synaptic vesicle targeting. Co-immunopre-
cipitation assays performed in brain tissue and heterologous
cells demonstrated that Hsc70 interacts with TH and aromatic
amino acid decarboxylase. Furthermore, in vitro binding assays
showed that TH directly binds the substrate binding and car-
boxyl-terminal domains of Hsc70. Immunocytochemical stud-
ies indicated that Hsc70 and TH co-localize in midbrain
dopaminergic neurons. The functional significance of the
Hsc70-TH interaction was then investigated using TH activity
assays. In both dopaminergic MN9D cells and mouse brain syn-
aptic vesicles, purified Hsc70 facilitated an increase in TH activ-
ity. Neither the closely related protein Hsp70 nor the unrelated
Hsp60 altered TH activity, confirming the specificity of the
Hsc70 effect. Overexpression of Hsc70 in dopaminergic MN9D
cells consistently resulted in increased TH activity whereas
knockdown of Hsc70 by short hairpin RNA resulted in
decreased TH activity and dopamine levels. Finally, in cells with
reduced levels of Hsc70, the amount of TH associated with syn-
aptic vesicles was decreased. This effect was rescued by addition
of purified Hsc70. Together, these data demonstrate a novel
interaction between Hsc70 and TH that regulates the activity
and localization of the enzyme to synaptic vesicles, suggesting
an important role for Hsc70 in dopamine homeostasis.

Dopaminergic neurons within the substantia nigra and ven-
tral tegmental area are the primary sources of the cate-

cholamine neurotransmitter dopamine (DA).2 Despite the fact
that dopaminergic neurons account for less than 0.01% of all
neurons, they play a significant role in brain function (1–3).
Consequently, DA homeostasis is crucial for the preservation
and regulation of physiological functions such as locomotion,
cognition, neuroendocrine secretion, and motivated behaviors
(4). Thus, it is not surprising that disruptions in the DA system
have been implicated in several neurological and psychiatric
disorders, including Parkinson disease, depression, schizophre-
nia, attention deficit hyperactivity disorder, Tourette syn-
drome, and drug addiction (4 – 8).

The DA life cycle consists of a series of highly regulated
molecular events that are ultimately responsible for controlling
DA homeostasis. Synthesis of DA occurs in the presynaptic
terminals via two enzymatic reactions. First, tyrosine is con-
verted into L-3,4-dihydroxyphenylalanine through the actions
of the rate-limiting enzyme tyrosine hydroxylase (TH) (9, 10).
Subsequently, aromatic amino acid decarboxylase (AADC)
converts L-DOPA into DA (11). When synthesized, DA is pack-
aged and stored within synaptic vesicles through the action of
the vesicular monoamine transporter 2 (VMAT2) prior to
undergoing regulated exocytosis through a complex series of
protein interactions (12). DA, released from presynaptic neu-
rons, then binds to pre- and postsynaptic DA receptors that
mediate the actions of the neurotransmitter. A key step in
determining the intensity and duration of DA signaling at syn-
apses is reuptake of the transmitter back into nerve terminals by
the plasma membrane DA transporter. Re-uptake through the
DA transporter is the primary mechanism for the regulation of
extracellular DA concentrations and, thus, the most effective
way of terminating DA actions (13). The cleared DA is then
repackaged into synaptic vesicles or is catabolized by monoa-
mine oxidase (14). Although much research has focused on
characterizing the life cycle of DA, many of the molecular
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Recently, several protein-protein interactions implicated
in DA homeostasis regulation have been identified (15).
Indeed, we reported two such interactions involving DA syn-
thesis and vesicular storage. First, we demonstrated that
VMAT2 is functionally regulated by a physical interaction
with the molecular chaperone heat shock cognate 70 (Hsc70)
(16). Classically, Hsc70 has been known as a constitutively
expressed protein responsible for mediating cellular pro-
cesses such as folding, assembly, disassembly, and transloca-
tion of proteins (17). Our report describing the VMAT2-
Hsc70 interaction was the first to suggest that Hsc70 may
also have a regulatory role in monoamine storage. In a sub-
sequent study, we reported that VMAT2 is also coupled to
the enzymes that synthesize DA, TH, and AADC (18). Our
data showed that TH and AADC were associated with syn-
aptic vesicles and that DA synthesis through these enzymes
was physically and functionally coupled to VMAT2-medi-
ated transport into synaptic vesicles. However, the mecha-
nism by which the enzymes responsible for DA synthesis are
targeted to synaptic vesicles still remains elusive. In this
study, we provide evidence that the molecular chaperone
Hsc70 interacts with TH, regulates its activity, and promotes
the targeting of the enzyme to synaptic vesicles.

Results

Hsc70 and TH Co-immunoprecipitate and Participate in a
Biochemical Complex Involving VMAT2 and AADC—To
examine whether Hsc70 has a role in DA synthesis, we first
performed immunoprecipitation experiments investigating
whether a physical interaction between Hsc70 and the enzymes
responsible for DA synthesis, TH and AADC, exists. Lysates
from the dopaminergic cell line MN9D were incubated with
antibodies against Hsc70, TH, or AADC. Under each of these
conditions, immunoblot analysis of these samples showed that
Hsc70, TH, and AADC co-precipitated (Fig. 1A). As a negative
control, MN9D lysates were also incubated with nonspecific
IgGs or no antibody (beads only). No bands were present in
any of these control samples when analyzed by immunoblot
using the Hsc70, TH, or AADC antibodies. In the same man-

ner, we repeated these immunoprecipitation experiments
using rat striatum lysate. Again, immunoblot analysis dem-
onstrated that Hsc70, TH, and AADC co-precipitated (Fig.
1B). No bands were present in any of the striatum samples
incubated with either the nonspecific IgGs or beads only. In
both MN9D and striatum lysate, immunoprecipitation with
Hsc70, TH, or ADDC antibodies failed to co-precipitate the
synaptic vesicle proteins SV2 or synaptophysin (SYPH) or
the unrelated enzyme glutamine synthetase (GS) (Fig. 1, A
and B), further demonstrating the specificity of the Hsc70-
TH-AADC interaction.

We also analyzed the striatum immunoprecipitation experi-
ments by immunoblot with the VMAT2 antibody. VMAT2 co-
precipitates from striatum lysate incubated with the Hsc70 as
well as TH and AADC antibodies. Importantly, all four proteins
co-precipitated within the same experimental sample (Fig. 1B).
In a final set of immunoprecipitation experiments, striatum
lysate was incubated with a VMAT2 antibody. Again, immuno-
blot analysis of this sample showed that Hsc70, TH, AADC, and
VMAT2 all co-precipitated (Fig. 1C). No bands were present in
the samples incubated with the nonspecific IgG or beads alone.
SV2 and glutamate decarboxylase 67 (GAD67) failed to co-pre-
cipitate with VMAT2, demonstrating the specificity of our
results.

Next we examined the specificity of the TH-Hsc70 interac-
tion by asking whether additional chaperones are able to co-
immunoprecipitate with TH. Because the expression of the
closely related Hsp70 is almost undetectable in MN9D cells, we
induced its expression by heat shock. As shown in Fig. 2A, heat
shock at 42 °C for 5 h induced a robust expression of Hsp70 in
MN9D cells. However, under these conditions, immunopre-
cipitation of TH did not result in the co-precipitation of Hsp70.
Similarly, we failed to detect an interaction between TH and the
more distantly related chaperones Grp78 or Hsp90 (Fig. 2B),
suggesting high specificity in the TH-Hsc70 interaction. Taken
together, these experiments provided not only the first line of
evidence showing that Hsc70 and TH physically interact in a
specific manner but also suggests that Hsc70, TH, AADC, and

FIGURE 1. HSC70, TH, AADC, and VMAT2 co-precipitate in MN9D cells and rat striatum. A and B, co-immunoprecipitation (IP) experiments were performed
by incubating MN9D cells (A) or rat striatum (B) lysates with anti-TH, anti-AADC, or anti-Hsc70 antibodies. SDS-PAGE and immunoblot (IB) analysis using the
designated antibodies demonstrated co-precipitation of TH, AADC, and Hsc70. VMAT2 also co-precipitated with these proteins in rat striatum experiments.
Unrelated vesicular and cytosolic proteins (SV2, SYPH, GS, and Hsp70) failed to co-immunoprecipitate. C, similar co-immunoprecipitation experiments were
performed by incubating rat striatum with the VMAT2 antibody. SDS-PAGE and IB analysis using antibodies against VMAT2, Hsc70, TH, and AADC demon-
strated that these proteins co-precipitate. IB analysis with antibodies against SV2 and GAD67 showed no co-precipitation. No bands were present in any of the
immunoprecipitations performed using the nonspecific IgGs or beads only.
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VMAT2 participate in a larger biochemical complex that links
DA synthesis and vesicular storage.

Hsc70 and TH Co-localize in Midbrain Dopamine Neurons—
To examine the biologic plausibility of the Hsc70/TH interac-
tion, we next examined whether these two proteins are co-ex-
pressed and co-localized within dopaminergic neurons from
mouse midbrain. Confocal microscopy revealed extensive TH
(Fig. 3A, left panels) and Hsc70 (Fig. 3A, center panels) staining
throughout both the substantia nigra (Fig. 3A, top panels) and
ventral tegmental area (Fig. 3A, bottom panels). Merged images
showed that a majority of the midbrain neurons in both the
substantia nigra and ventral tegmental area were double-la-
beled with TH and Hsc70 antibodies (Fig. 3A, right panels).
Only a few TH-positive cells did not contain Hsc70. This pat-
tern would be expected based on the abundant nature of Hsc70
and support the hypothesis that TH and Hsc70 are both
expressed in ventral midbrain dopaminergic neurons. We per-
formed similar immunocytochemical studies from midbrain
neuronal cultures. As expected, dopaminergic neurons com-
prised only a small fraction of the entire culture, as evidenced by
the low density of TH� cells (Fig. 3B, left panel). In contrast, the
majority of the cultured cells exhibited robust Hsc70 staining
(Fig. 3B, center panel). Nevertheless, extensive co-localization
of TH and Hsc70 was exhibited within most of the dopaminer-
gic neurons. Double staining with TH and Hsc70 antibodies
revealed extensive overlap of TH and Hsc70 immunostaining
along the neural processes in a clustering distribution pattern
(Fig. 3B). These data provide further support of a presynaptic
interaction between TH and Hsc70.

The Substrate-binding and Carboxyl-terminal Domains of
Hsc70 Can Directly Interact with TH—Having demonstrated
that Hsc70, TH, and AADC co-localize and co-immunopre-
cipitate, we next performed GST pulldown assays to delineate
the domains of Hsc70 involved in the interaction with TH.
Hsc70 contains different functional domains, including the
ATPase domain (residues 1–373), substrate-binding domain
(SBD, residues 373–540), and carboxyl-terminal domain (CTD,
residues 540 – 650) (Fig. 4A). Lysates from MN9D cells were

incubated with GST alone or GST fused to Hsc70 residues
1–540, 373– 650, 373–540, or 540 – 650. The GST fusion pro-
teins were captured by glutathione-Sepharose beads and ana-
lyzed by immunoblot with the TH antibody. As seen in Fig. 4B,
top left panel, strong TH immunoreactive bands were present
in the samples incubated with residues 540 – 650, whereas a
slightly weaker band was present in the samples incubated with
residues 373–540. Additional immunoblot analysis of these
samples using anti-AADC antibody revealed that AADC pref-
erentially precipitated with residues 373–540 and, to a much
smaller degree, with residues 373– 650 and 540 – 650 (Fig. 4B,
second panel). These interactions were considered specific
because no immunoreactive bands were detected in the GST-
only samples. As a negative control, we also tested whether any
of the GST fusion proteins containing different Hsc70 domains
were able to pull down GS. No GS-immunoreactive bands were
detected in any of our pulldown samples (Fig. 4B, third panel),
demonstrating the specificity of the interaction between the
Hsc70 fragments and TH and AADC. We repeated these pull-
down experiments in rat striatum lysate. As seen in Fig. 4B,
right panels, our results obtained from immunoblot analysis of
the pulldowns performed in rat striatum lysate echoed those
from the experiments using MN9D lysate. Specifically, TH was
observed to interact strongly with 540 – 650 and, to a lesser
degree, with 373–540, whereas AADC was noted to precipitate
mainly with 373–540 and, at lower levels, with 373– 650 and
540 – 650. Analysis of all samples with the GS antibody pro-
duced no detectable bands, and GST-only failed to pull down

FIGURE 2. Specificity of the interaction between TH and HSC70. A, immu-
noblot analysis showing the expression of Hsc70, HSP70, GRP78, and HDP90
from MN9D cells under control conditions or after heat shock (HS). B, co-
immunoprecipitation (IP) experiments were performed by incubating MN9D
cell lysates with anti-TH antibody. SDS-PAGE and IB analysis using the desig-
nated antibodies demonstrated co-precipitation of Hsc70 but not HSP70,
GRP78, or Hsp90. No bands were present in any of the immunoprecipitations
performed using nonspecific IgGs.

FIGURE 3. Hsc70 and TH co-localize in brain dopamine neurons. A, mouse
midbrain sections of the substantia nigra (SN) and ventral tegmental area
(VTA) were immunostained with polyclonal anti-TH (green, labeled with Alexa
Fluor 488) and monoclonal Hsc70 (red, labeled with Alexa Fluor 555) antibod-
ies. B, primary cell cultures from rat midbrain were immunostained with a
polyclonal anti-TH (red, labeled with Alexa Fluor 555) and monoclonal Hsc70
antibodies (green, labeled with Alexa Fluor 488) antibodies. In both samples,
merged images show that a majority of the TH-positive cells were dual-la-
beled with Hsc70 in both preparations (A and B, right panels). Only a few TH
cells did not contain Hsc70. The co-localization of TH and Hsc70 extended
into the process of the dopaminergic neurons. (B, right panels). Scale bars � 50
�m.
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TH and AADC, again confirming the specificity of the interac-
tion between the SBD and CTD of Hsc70, TH, and AADC.

To distinguish whether the Hsc70/TH interaction occurs via
a direct protein-protein interaction or, alternatively, indirectly
through the involvement of additional proteins, we next per-
formed in vitro binding assays with purified TH. Here the
Hsc70 GST fusion proteins or GST-only were incubated with a
purified His6-TH protein. Immunoblot analysis of pulldown
samples demonstrated that TH co-precipitated predominantly
with residues 540 – 650 and, at a much lower level, with 373–
540 (Fig. 4C). No immunoreactive bands were detected in the
control experiments using GST-only. These results not only
recapitulate our findings in the GST pulldown experiments but
also provide evidence demonstrating that the SBD and CTD of
Hsc70 can directly bind TH.

Hsc70 Increases TH Activity in MN9D Cells and Purified Syn-
aptic Vesicles from Brain—To test the functional consequences
of the Hsc70-TH interaction, we next assessed the effect of

Hsc70 on TH activity within a purified pool of synaptic vesicles
(SVs) from mouse brain. We reported previously that purified
VMAT2-expressing SVs obtained from mouse brain contain
functional TH and AADC (18). Here TH activity of the SV
preparation was determined in the presence or absence of 10 �g
of recombinant Hsc70. The SVs incubated with Hsc70 dis-
played an �70% increase in TH activity relative to SVs alone
(Fig. 5A). TH activity within the SV fraction remained unal-
tered in the presence of Hsp70, Hsp60, or the denatured Hsc70
and Hsp70, suggesting that the Hsc70 effect on TH activity was
specific. In additional experiments, we incubated purified SVs
with increasing concentrations of recombinant Hsc70. Indeed,
TH activity within the SV pool increased in an Hsc70 dose-de-
pendent manner (Fig. 5B). Finally, because our pulldown assays
indicate that the SBD and CTD of Hsc70 participate in the
interaction with TH, we next examined whether these domains
were sufficient to increase TH activity. We incubated SVs with
the Hsc70 GST fusion proteins or GST-only prior to measuring

FIGURE 4. SBD and CTD domains of Hsc70 interact with TH. A, schematic of Hsc70 and GST fusion proteins containing three functional domains: the nuclear
binding domain (ATPase, residues 1–373), SBD (residues 373–540), and CBD (residues 540 – 650). B, even amounts of immobilized GST fusion proteins were used
for pulldown experiments in MN9D cell and rat brain lysates. Samples were analyzed by SDS-PAGE and IB with antibodies against TH (first panel) and AADC
(second panel). As a negative control, the pulldown samples were also analyzed using the unrelated GS antibody (third panel). Ponceau red staining (fourth
panel) shows even loading of the fusion proteins. C, in vitro binding assays were performed by incubating purified His6-TH with even amounts of the Hsc70 GST
fusion proteins or GST-only prior to SDS-PAGE and IB analysis using anti-TH antibody.
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TH activity. As seen in Fig. 5C, SVs incubated with GST fusion
proteins containing residues 373– 650, 373–540, or 540 – 650
displayed an �60 –70% increase in TH activity compared with

that present in SVs alone. This increase was similar to that
produced by incubation of the SVs with 10 �g of full-length
recombinant Hsc70. On the other hand, GST-only and the

FIGURE 5. Exogenous Hsc70 increases TH activity in MN9D cells and purified synaptic vesicles. A, TH activity was measured in purified SVs obtained from
mouse brain. The SVs were incubated with 10 �g of recombinant Hsc70, the closely related recombinant Hsp70 or Hsp60, or denatured Hsc70 or denatured
Hsp70. The TH activity within the purified SV2 without recombinant protein (Control) was considered 100%. B, purified SVs were incubated without (Control) or
with 0.1, 1, or 10 �M recombinant Hsc70. TH activity increased in a dose-dependent manner in the presence of recombinant Hsc70. C, TH activity was also
assessed in the purified SVs in the presence of GST-only or GST-Hsc70 constructs. The GST-Hsc70 fusion constructs that interact with TH and AADC (GST-373–
650, GST-373–540, and GST-540 – 650) were able to enhance TH activity in comparison with the TH activity in purified SVs alone (control, considered 100%). In
contrast, non-interacting GST-Hsc70 fusion constructs (GST-1–540) did not alter TH activity. Recombinant Hsc70 was used as a positive control, and GST-only
was used as a negative control. D, TH activity was assessed post-nuclear preparation from MN9D WT cells. The PNS was incubated with recombinant Hsc70, the
closely related recombinant Hsp70 or Hsp60, or denatured Hsc70 or denatured Hsp70. The TH activity within the PNS alone in the control was considered 100%.
*, p � 0.05.
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1–540 fragment of Hsc70 produced no significant changes in
TH activity.

In a similar manner, TH activity was assessed in a post-
nuclear preparation (PNS) from MN9D WT cells. As seen in
Fig. 5D, TH activity was increased by �60% when incubated
with 10 �g of recombinant Hsc70 compared with the TH activ-
ity present in the MN9D PNS control. There was no effect on
TH activity when Hsc70 was denatured prior to incubation or
when the MN9D PNS was incubated with the closely related
Hsp70 or Hsp60 (Fig. 5D), confirming the specificity of the
Hsc70 effect on TH activity. These studies provided the first
data indicating that the Hsc70/TH interaction modulates TH
activity.

Hsc70 Expression Affects TH Activity and DA Content in
MN9D Cells—Having demonstrated that exogenous Hsc70 is
capable of modulating TH activity, we next examined whether
changes in endogenous Hsc70 expression also produced similar
functional results. To do this, we first generated a stable cell line
in which Hsc70 expression was reduced by shRNA. Overex-
pression of an shRNA construct against Hsc70 mRNA in
MN9D cells resulted in an �50% reduction in Hsc70 protein
levels compared with mock-transfected cells or those overex-
pressing a scramble shRNA (Fig. 6A). Tubulin, TH, Hsp70
(induced by heat shock), and Na�/K�-ATPase expression were
not affected by the Hsc70 shRNA in these cells. We next exam-
ined whether TH activity and total DA content were altered in

FIGURE 6. Hsc70 expression affects TH activity and intracellular DA concentrations in MN9D cells. A, representative IBs and densitometry analysis of
MN9D cells, WT or stably transfected with scramble shRNA (Scr) or Hsc70 shRNA. Hsc70 expression was reduced in Hsc70 shRNA MN9D cells by �50%, whereas
TH, Hsp70, and sodium/potassium ATPase expression was not significantly altered. Densitometry analysis of Hsc70 expression was normalized to arbitrary
densitometry units of �-tubulin and expressed as a percentage of Hsc70 expression in MN9D WT cells. B, TH activity was examined in the PNS of these samples.
The Hsc70 shRNA MN9D cells exhibited an �80% reduction in TH activity compared with WT and scramble shRNA stably transfected cells. C, intracellular DA
levels present in the PNS of these samples were measured by HPLC. The DA levels present in the Hsc70 shRNA cells were reduced by �40% compared with WT
and scramble shRNA MN9D cells. D, in contrast, transfection of MN9D cells with Hsc70-HA resulted in increased TH activity compared with MN9D WT cells
(Control). *, p � 0.05.
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these Hsc70 shRNA cells. Indeed, TH activity was reduced by
�80% in MN9D cells overexpressing the Hsc70 shRNA (Fig.
6B). This large decrease in TH activity is especially noteworthy
in light of the fact that Hsc70 expression was decreased by only
50% by shRNA. In additional experiments, we also measured
cellular DA content by HPLC. MN9D cells overexpressing the
Hsc70 shRNA contained �40% less DA compared with WT or
scramble MN9D cells (Fig. 6C). Having observed the effect of
reducing Hsc70 levels on both TH activity and DA content, it
was next important to consider whether increased Hsc70
expression resulted in increased TH activity. Thus, we overex-
pressed Hsc70 in MN9D cells by transiently transfecting them
with an HA-tagged Hsc70 construct. The Hsc70-HA trans-
fected cells exhibited nearly twice the amount of TH activity
displayed by MN9D WT cells (Fig. 6D). These data are consis-
tent with our previous data examining the effects of recombi-
nant Hsc70 and support the notion that Hsc70 modulates TH
activity.

Hsc70 Affects the Subcellular Localization of TH in MN9D
Cells—In previous reports, we have demonstrated that TH
expression and activity are enriched in SV preparations. How-
ever, the mechanism by which TH is targeted to synaptic vesi-

cles remains unknown. We next examined whether Hsc70
might be involved in targeting TH to SVs by examining TH
levels in an enriched SV preparation (P3) from MN9D cells
overexpressing Hsc70 shRNA. Each step within this process
was analyzed by immunoblot using antibodies against TH,
Hsc70, and the synaptic vesicle marker SYPH. As shown in Fig.
7A, left panel, TH and Hsc70 co-fractionated with SYPH in WT
MN9D cells, confirming localization to SVs. Immunoblotting
analysis of the scramble shRNA MN9D cells revealed no signif-
icant changes in expression of TH, Hsc70, or SYPH throughout
the fractionation process (Fig. 7A, left and center panels). In
addition, activity assays demonstrated that most of the TH
activity was recovered in P3 samples in MN9D WT cells and
cells expressing the scramble shRNA (Fig. 7B, left and center
panels). However, when examining MN9D cells overex-
pressing Hsc70 shRNA, marked differences in TH fraction-
ation and activity pattern were detected. Specifically, TH
immunoreactivity within SV preparation P3 was diminished
and, instead, enriched within the soluble S3 fraction (Fig. 7A,
right panel). Similarly, TH activity was increased in the S3
fraction, with a concomitant decreased in the vesicular P3
fraction (Fig. 7B, left panel). The fractionation pattern of

FIGURE 7. Hsc70 expression affects the subcellular distribution of TH in MN9D cells. A, an enriched SV preparation was prepared from WT, scramble shRNA,
and Hsc70 shRNA cells by differential centrifugation. 50 �g of total protein from the original homogenate (H) as well as the supernatants (S) and pellets (P) from
each step were analyzed by SDS-PAGE and IB using TH, SYPH, and Hsc70 antibodies. SYPH expression was enriched in the P3 sample compared with H and S3
of all three cell lines, confirming that the P3 sample represented enriched SVs. Consistent with our previous studies, TH expression was found in P3 of WT and
scr-shRNA cells. Interestingly, this TH localization is shifted from P3 to S3 in Hsc70 shRNA cells. B, specific TH activity was examined in the S3 and P3 fractions of
MN9D WT cells (left panel), MN9D cells expressing the scr-shRNA (center panels), and MN9D cells expressing the Hsc70 shRNA (left panels). *, p � 0.05.
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SYPH remained unchanged, ruling out a nonspecific effect of
Hsc70 knockdown on the fractionation of SVs. These results
suggest that Hsc70 influences the localization of TH to syn-
aptic vesicles.

To provide more direct evidence for a role of Hsc70 in TH
localization to SVs, we next examined whether the addition of
exogenous Hsc70 rescued the effects of knocking down Hsc70.
We incubated S2, the supernatant that was centrifuged one
final time prior to yielding the enriched SV preparation, with or
without the addition of exogenous Hsc70 or the closely related
Hsp70. We then analyzed the final supernatant (S3) and the
pellet containing the enriched SV fraction P3 by immunoblot
using TH, SYPH, VMAT2, SV2, and secretogranin II antibod-
ies. Consistent with our previous findings, WT and scramble
shRNA MN9D samples displayed enriched TH levels in P3
compared with S3, whereas Hsc70 shRNA cells showed higher
levels of TH in the S3 as opposed to the P3 fraction (Fig. 8, left
panel). More importantly, the addition of recombinant Hsc70
to the S2 of the Hsc70 shRNA samples restored levels of TH at
the SV-enriched P3 preparation (Fig. 8, center panel). In con-
trast, exogenous Hsp70 did not restore TH levels in the P3
samples from Hsc70 shRNA cells (Fig. 8, right panel), demon-
strating the specificity of the Hsc70 effect. The expression of the
SV markers SYPH, VMAT2, SV2, and secretogranin II was not
altered by incubation with either Hsc70 or Hsp70 or any of the
shRNA manipulations. Taken together, these findings support
a role for Hsc70 in the regulation of TH activity and targeting to
synaptic vesicles.

Discussion

Our findings consistently support a role for Hsc70 in the
presynaptic control of DA homeostasis. It is well known that
TH exists in two distinct forms: soluble or bound to synaptic
vesicles at presynaptic terminals. The association of TH with
synaptic vesicle membranes would place the enzyme in a spe-
cific microdomain where synthesized DA would be rapidly
transported into synaptic vesicles through VMAT2 (18). This
close proximity between TH and VMAT2 would ensure effi-
cient coordination and regulation of DA synthesis, storage, and
release. However, the mechanism whereby TH is targeted to
the synaptic vesicle membrane has remained elusive. Here we
provide evidence for a novel interaction between Hsc70 and TH

that regulates the activity and localization of TH to synaptic
vesicles. We present several lines of biochemical and functional
evidence supporting a physical and functional interaction
between Hsc70 and TH. First, Hsc70 and TH co-precipitate
from dopaminergic MN9D cells or rat brain striata. Second,
GST pulldown assays confirmed this interaction, identified the
SBD and CTD domains of Hsc70 as the interacting regions, and
demonstrated the ability of Hsc70 and TH to interact directly.
Third, immunocytochemical assays verified that Hsc70 and TH
co-localize in midbrain dopaminergic neurons in vivo and in
vitro. Fourth, TH activity from purified synaptic vesicles
increased in a dose-dependent manner in the presence of either
recombinant Hsc70 or GST fusion proteins containing the SBD
or CTD of Hsc70. Fifth, down-regulation of Hsc70 in MN9D
cells resulted in decreased TH activity and DA content, whereas
Hsc70 overexpression increased TH activity. Finally, fraction-
ation experiments revealed that Hsc70 expression affects the
localization of TH to synaptic vesicles in MN9D cells. Collec-
tively, these results provide compelling evidence of a novel
interaction between Hsc70 and TH that regulates the activity
and the localization of TH to SVs, suggesting a novel role for
Hsc70 in the regulation of DA homeostasis.

Heat shock proteins are ubiquitously expressed molecular
chaperones. The Hsp70 family includes the stress-inducible
Hsp70 (also termed Hsp72/Hsp701A) as well as the constitu-
tively expressed Hsc70 (also termed Hsp73/Hsp701B). Both
Hsp70 and Hsc70 contain three functional domains: the
nuclear binding (NBD-ATPase) domain, the SBD, and the
CTD. They are 85% identical at the amino acid level. Despite
this shared homology, our data indicate that the interaction and
regulation of TH is Hsc70-specific. TH co-precipitated with
Hsc70 but not Hsp70. Furthermore, our functional assays also
showed that recombinant Hsp70 failed to produce changes in
the activity or subcellular localization of TH that were associ-
ated with Hsc70. These results may not be surprising in light of
the stress-inducible nature of Hsp70 versus the constitutive
nature of Hsc70. One can imagine that the modulation of DA
synthesis demands persistent and sustained control, which may
not be afforded by the transiently expressed Hsp70 but would
necessitate a protein that is constitutively and widely expressed,
such as Hsc70.

FIGURE 8. Recombinant Hsc70 is capable of restoring TH levels at the synaptic vesicle in Hsc70-shRNA cells. The synaptic vesicle fractionations were
repeated under conditions where S2 was incubated alone (Control) or in combination with either recombinant Hsp70 or Hsc70 prior to obtaining S3 and P3. 50
�g of total proteins from H, S3, and P3 of WT, scramble shRNA, and Hsc70 shRNA MN9D cells were analyzed by SDS-PAGE and IB. Again, TH was enriched in P3
of WT and scramble shRNA cells in S3 of the Hsc70 shRNA cells under normal conditions. Importantly, incubation with Hsc70 restored TH levels to the P3 fraction
in Hsc70 shRNA cells. Incubation with the closely related Hsp70 protein had no effect on TH distribution, confirming the specificity of the Hsc70 effect. IB
analysis with SYPH, VMAT2, SV2, and secretogranin II antibodies confirmed that the fraction P3 contained synaptic vesicles.
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Traditionally, Hsc70 has been reported to have roles in a
variety of cellular functions, including protein folding, assem-
bly, targeting, transport, and degradation (19, 20). Many of the
roles that Hsc70 plays in protein homeostasis have been well
described, but recent studies are identifying a growing number
of protein partners and are consequently revealing novel func-
tions associated with heat shock proteins. For example, several
reports have identified protein-protein interactions between
members of the Hsp70 family and membrane signaling pro-
teins, including the transferrin receptor (21), the aquaporin
channel (22), the chloride channel ClC-2 (23), and melanocor-
tin receptor 4 (24). Likewise, an increasing number of proteins
that influence brain function have been identified to interact
with heat shock proteins. In presynaptic terminals, Hsc70
forms a complex with cysteine string protein and small glu-
tamine-rich tetratricopeptide repeat domain protein that plays
an important role in synaptic vesicle uncoating during clathrin-
dependent endocytosis (25–27). Hsc70 also binds gephyrin,
induces gephyrin clustering, and regulates the formation of ter-
tiary complexes, including GABA and glycine receptors, at
inhibitory synapses (28). These studies support an emerging
and important role for Hsc70 in the regulation of presynaptic
function.

Our data support a mechanism in which Hsc70 facilitates
efficient coupling of DA synthesis and storage systems by local-
izing TH to the synaptic vesicle where the enzyme can interact
with VMAT2. This mechanism is supported by our data show-
ing that down-regulation of Hsc70 by shRNA resulted in
decreased levels and activity of TH associated with synaptic
vesicles and lower intracellular DA levels. Interestingly, a recent
study in Drosophila identified a physical and functional inter-
action between TH and GTP-cyclohydrolase I (GCH1), an
enzyme that is responsible for synthesis of the DA co-factor
tetrahydrobiopterin (29). Similarly, Hsc70 has also been
described as a GCH1-interacting protein using a yeast two-
hybrid system (30). Although these studies did not explore the
subcellular location of the GCH1 interactions, it is tempting to
speculate that GCH1 also participates in the Hsc70-TH-
AADC-VMAT2 complex as a critical enzyme necessary for DA
synthesis. More recently, a functional interaction between
VMAT2 and the DA biosynthetic complex through the Cathe-
colamines up (Catsup) gene was identified in Drosophila DA
neurons (31). A complex network of proteins linking DA syn-
thesis and synaptic vesicle refilling might require highly regu-
lated mechanistic steps involving assembly/disassembly and
conformational changes that promote correct protein folding,
localization, and activity. We propose that Hsc70 plays a crucial
role in organizing the DA synthesis-refilling complex.

A similar coupling mechanism between synthesis and stor-
age has been described in the GABA system. Specifically, the
vesicular GABA transporter was reported to associate with the
enzyme responsible for GABA synthesis, glutamic acid decar-
boxylase (GAD65), at synaptic vesicles (32). This association
involved a multiprotein complex involving Hsc70 as well as
calmodulin-dependent kinase and cysteine string protein (33).
Hsc70 was proposed to anchor GAD65 to the synaptic vesicle,
where it subsequently complexes with the vesicular GABA
transporter and the other proteins. Thus, it seems that Hsc70

plays a crucial role in neurotransmitter homeostasis within
both the GABA and DA systems. In both cases, Hsc70 localizes
the synthesis enzymes to be in proximity to the vesicular trans-
porter, allowing neurotransmitter synthesis to occur at the syn-
aptic vesicle membrane junction, where it is coupled with vesic-
ular transport and storage within the synaptic vesicles.

Neurotransmitter homeostasis requires the fine control and
regulation of several mechanisms, including synthesis, vesicu-
lar refilling, release, reuptake, and degradation. Within the dop-
amine system, these mechanisms interact to ensure that cyto-
solic DA levels remain low and that its potentially toxic effects
are minimized. Indeed, cytosolic concentrations of DA in the
substantia nigra are practically undetectable (34). Increased
metabolism of DA leads to toxicity caused by the generation of
reactive species such as OH�, O2

. , H2O2, and neurotoxic qui-
nines (35–38). Indeed, chronic exposure to cytosolic DA may
elicit progressive degeneration of DA-containing neurons in
the substantia nigra pars compacta. Significant loss of dop-
aminergic neurons is associated with deficient striatal dop-
amine levels and, consequently, the clinical manifestations of
Parkinson disease (39 – 42). Our data suggests a biochemical
complex involving VMAT2, Hsc70, and TH/AADC that cou-
ples DA synthesis and synaptic vesicle storage, which would
limit DA levels to the synaptic vesicle microenvironment,
thereby minimizing cytosolic dopamine levels and its toxic
effects. Future studies will be required to examine how disrup-
tion of these mechanisms leads to toxicity and potential
neurodegeneration.

Experimental Procedures

Reagents—Male Sprague-Dawley rats (350 g) between 8 and
10 weeks old were obtained from Hilltop Lab Animals, Inc.
(Scottdale, PA). The antibodies against VMAT2 (AB1598P),
TH, AADC, Na�/K�-ATPase, GS, and GAD67 as well as the
nonspecific IgGs from goat (PP40) and rabbit (PP64) were from
Millipore (Billerica, MA). The antibody against synaptophysin
was obtained from BD Transduction Laboratories, and the SV2
antibody was from Synaptic Systems (Göttingen, Germany).
The Hsp70, Hsc70, and Grp78 antibodies were supplied by
Assay Design (Ann Arbor, MI), and the HSP90 antibody was
from Cell Signaling Technology (Danvers, MA). Secondary
antibodies conjugated with HRP were from Jackson Immu-
noResearch Laboratories (West Grove, PA), and secondary
antibodies conjugated with Alexa Fluor 488 and 555 were from
Molecular Probes, Invitrogen. Purified recombinant Hsc70,
Hsp70, Hsp60, and Hsc70 (1–386)-ATPase fragments were
supplied by Assay Designs. All other reagents were from Sigma-
Aldrich (St. Louis, MO) unless stated otherwise.

Cell Culture—MN9D cells were provided by Dr. Alfred
Heller (University of Chicago) and maintained in high-glucose
DMEM supplemented with 10% FBS and 50 �g/ml each peni-
cillin and streptomycin and maintained at 37 °C in a humidified
5% CO2 incubator. In some cases, cells were transfected with 10
�g of DNA using Transfectin (Bio-Rad) according to the rec-
ommendations of the manufacturer. Transfected cells were
allowed to grow for an additional 48 h prior to further studies.

Heat Shock Experiments—Culture dishes containing MN9D
cells were transferred for heating into a 42 °C incubator for 5 h
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and subsequently returned for recovery in a 37 °C incubator for
17 h, both with 5% CO2. Cell lysates were analyzed by 10%
SDS-PAGE and immunoblot.

Generation of Stable Knockdown Clones—HuSH 29-mer
shRNA constructs against Hsc70 (shRNA-Hsc70) were
obtained from OriGene Technologies (Rockville, MD). The
small hairpin RNA sequences were 5�-GGTAACCGCACCAC-
GCCAAGCTATGTTGC-3�, 5�-TGAGGAGTTGAATGCTG-
ACCTGTTCCGTG-3�, 5�-CAGGCAGCCATTCTATCTGG-
AGACAAGTC-3�, and 5�-GAACTCACTGGAGTCCTATG-
CCTTCAACA-3�. Control cells were transfected with the same
vector expressing a scramble short hairpin RNA sequence (scr-
shRNA). MN9D cells were transfected with the shRNA-Hsc70
or scr-shRNA constructs using Lipofectamine 2000 (Invitro-
gen) according to the recommendations of the manufacturer,
and a final concentration of 2.5 �g/�l puromycin was main-
tained in the medium 24 h after transfection.

Preparation of Brain and MN9D Lysates—Rat striata were
homogenized with a polytron in buffer A (20 mM HEPES (pH
7.4), 125 mM NaCl, and 1 mM EGTA) containing protease inhib-
itors (Pierce). Triton X-100 was added to a final concentration
of 1%, and the samples were incubated with rotation for 1 h at
4 °C. Samples were centrifuged twice at 4 °C: first at 16,000 � g
for 10 min and then at 20,000 � g for 60 min. The supernatant
was collected, measured for protein concentration, and used in
subsequent experiments. MN9D lysate was obtained using the
same homogenization procedure but only subjected to one cen-
trifugation at 16,000 � g for 10 min at 4 °C.

Immunoprecipitations—Anti-VMAT2 (1:200), anti-TH
(1:200), control IgGs (1:200), or no antibody (beads only) were
added to either striata or cell lysates and incubated with rota-
tion for 1 h at 4 °C. Next, 50 �l of a mixture of protein A- and
protein G-Sepharose beads (GE Healthcare) were added to all
samples and incubated with rotation for an additional hour at
4 °C. Following centrifugation at 13,000 � g for 3 min, pellets
were washed two times in buffer A containing 1% Triton X-100
and twice in PBS in the presence of protease inhibitors. The
resulting pellets were resuspended in 30 �l of sample buffer
containing 10% �-mercaptoethanol (�-ME) and incubated at
37 °C for 30 min prior to analysis using 10% SDS-PAGE and
immunoblot.

Immunofluorescence—For midbrain sections, C57BL/6J
mice (Jackson Laboratory; Bar Harbor, ME) were perfused with
10 ml of 0.1 M PBS followed by 30 ml of 4% paraformaldehyde in
0.1 M PBS. Brains were removed and cryoprotected in 30%
sucrose in 10 mM PBS for 48 h before coronal sections (40 �m)
were cut on a freezing microtome. Primary DA neurons in cul-
ture were prepared as described previously (43). Cultures were
maintained at 37 °C in an atmosphere containing 5% CO2 in
equilibrium with H2O. Following fixation, samples were
blocked in 10% normal goat serum in 10 mM PBS with 0.3%
Triton X-100 for 1 h at room temperature. Samples were then
incubated overnight at 4 °C in primary antibodies (rat anti-
HSC70 (1:500) and rabbit anti-TH (1:2000) in 10 mM PBS with
0.3% Triton X-100). Primary neurons were then exposed to the
following secondary antibodies: goat anti-rabbit (1:500, Alexa
Fluor 555) and goat anti-rat (1:500, Alexa Fluor 488). Brain
sections were exposed to the same primary antibodies and then

incubated with goat anti-rabbit (1:500, Alexa Fluor 488) and
goat anti-rat (1:500, Alexa Fluor 555) secondary antibody fluo-
rophores for 1 h at room temperature in 10 mM PBS with 0.3%
Triton X-100. Sections were then washed, mounted, cover-
slipped with Fluoromount (MP Biomedicals, Irvine, CA) and
examined using an Olympus Fluoview FV1000 confocal unit
fitted to an Olympus BX61 microscope (Olympus, Center Val-
ley, PA).

GST Pulldown Assays—Hsc70-GST fusion protein con-
structs were generously provided by Dr. Ernst Ungewickell
(Hannover Medical School, Hannover, Germany) and con-
tained portions of bovine Hsc70. The GST-Hsc70 fusion pro-
teins were designated by the amino acid residue contained in
each construct: 1–540, 373–540, 373– 650, or 540 – 650 (44).
Escherichia coli BL-21 was transformed with the different
pGEX constructs, grown at 37 °C to an optical density between
0.4 – 0.7, incubated with 0.1–1 mM isopropyl 1-thio-�-D-galac-
topyranoside for 2– 4 h at 37 °C, and harvested by centrifuga-
tion at 4300 � g for 10 min. All GST fusion proteins were puri-
fied from cleared lysate by standard affinity chromatography
using glutathione-Sepharose 4B beads (GE Healthcare) as rec-
ommended by the manufacturer. For pulldown experiments
from rat brain striatum or MN9D cell lysates, even amounts of
the immobilized Hsc70 GST fusion proteins or GST-only were
incubated overnight at 4 °C. The GST fusion proteins were then
immobilized by incubating the samples with 50 �l of pre-equil-
ibrated glutathione-Sepharose 4B beads for 30 min at 4 °C. All
samples were washed three times with buffer containing 50 mM

Tris and 300 mM NaCl (pH 8.0) for 10 min. In both cases, the
washed samples were suspended in 50 �l of protein sample
buffer containing 10% �-ME and incubated at 37 °C for 30 min
prior to analysis using 10% SDS-PAGE and immunoblot.

Purification of Recombinant His6-TH—TH subcloned into
the pQE30 vector for prokaryotic expression of the His6 tag was
a kind gift from Dr. Janis O’Donnell (University of Alabama).
The DNA was used to transform competent M15 bacterial cells
and purified with nickel-nitrilotriacetic acid superflow col-
umns (Qiagen, Valencia, CA) according to the protocols of
Funderburk et al. (45).

In Vitro Binding Assay—50 �g of recombinant His6-TH and
50 �g of purified Hsc70 GST-fused proteins 1–540, 373–540,
373– 650, 540 – 650, or GST-only were diluted in 400 �l of
buffer A. Following 1 h incubation at room temperature with
rotation, 50 �l of the glutathione-Sepharose 4B beads was
added and incubated for another 3 h at room temperature with
rotation. The beads were washed three times with cold PBS
containing 1% Triton X-100 (pH 7.65) for 1 min. 50 �l of sample
buffer containing 10% �-ME was added to the washed beads
and incubated at 37 °C for 30 min to release bound proteins
prior to Western blotting analysis.

Purification of Synaptic Vesicles from Brain—To obtain a
pure synaptic vesicle pool from brain tissue, we isolated vesicles
based on the protocol described by Morciano et al. (46) and
Egaña et al. (47). Briefly, whole brain from rat was homogenized
with 20 strokes in a glass Teflon homogenizer in 10 volumes of
0.32 M sucrose, 5 mM Tris/HCl (pH 7.4) supplemented with
protease inhibitors. The homogenate was centrifuged at 1000 �
g for 10 min at 4 °C. The resulting pellet was discarded, and the
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entire supernatant was layered on top of a discontinuous Per-
coll gradient prepared using three different layers of Percoll
solutions (3%, 10%, and 23% (v/v)) diluted in the original
homogenization buffer. The Percoll gradient was centrifuged at
31,400 � g for 20 min at 4 °C, and the turbid fraction was col-
lected, containing isolated synaptosomes. Four volumes of the
original homogenization buffer were added to the synapto-
somes, and the sample was centrifuged again at 20,000 � g for
1 h at 4 °C. The resulting pellet was hypo-osmotically lysed in
6.5 ml of 5 mM Tris-HCl (pH 7.4) by pipetting the sample up and
down 20 times and passing the sample through both 22- and
27.5-gauge needles. This suspension was centrifuged at
188,000 � g for 2 h at 4 °C. The resulting pellet was resuspended
in 0.5 ml of sucrose buffer (200 mM sucrose, 0.1 mM MgCl2, 0.5
mM EGTA, and 10 mM HEPES (pH 7.4)) and layered onto a
discontinuous sucrose gradient ranging from 0.3–1.2 M sucrose
(both prepared in 10 mM HEPES and 0.5 mM EGTA (pH 7.4)).
The sucrose gradient was centrifuged at 85,000 � g for 2 h at
4 °C, and 500-�l fractions were collected from top to bottom
and analyzed using Western blotting.

Postnuclear Supernatant Preparation—Medium was re-
moved from 10-cm plates of MN9D cells. After rinsing the
plates with PBS, cells were scraped from dishes and pelleted at
305 � g for 3 min. The resulting pellet was resuspended in
buffer B (320 mM sucrose, 0.1 mM MgCl2, 0.5 mM EGTA, and 10
mM HEPES (pH 7.4)) containing protease inhibitors. The pellet
was homogenized using 25 strokes with a Wheaton homoge-
nizer (Wheaton Science Products, Millville, NJ), followed by 25
passages through a 25-gauge needle. The sample was centri-
fuged at 1000 � g for 2 h at 4 °C, resulting in the postnuclear
supernatant (PNS).

Subcellular Fractionation of MN9D Cells—Medium was
removed from confluent 10-cm plates of MN9D cells. After
rinsing the plate with PBS, cells were scraped from dishes and
pelleted at 305 � g for 3 min. The resulting pellet was resus-
pended in buffer B containing protease inhibitors. After
homogenization using 25 strokes in a Wheaton homogenizer
followed by 25 passages through a 25-gauge needle, the sample
was centrifuged at 1000 � g for 5 min at 4 °C to remove nuclei
and cellular debris (P1). The resulting supernatant (S1) was
centrifuged at 27,000 � g for 35 min, resulting in S2 and P2. A
final centrifugation of S2 at 180,000 � g for 2 h at 4 °C yielded S3
and P3. As shown by Parra et al. (48), the resulting pellet
contained an enriched synaptic vesicle fraction and was
called P3. In some cases, the S2 fraction was incubated for 1 h
with a final concentration of 1 �M of either recombinant
Hsc70 or recombinant Hsp70 prior to the final centrifuga-
tion. In all cases, the pellets and supernatants were analyzed
using Western blotting.

Western Blotting Analysis—Samples containing 10% �-ME
were incubated at 37 °C for 30 min, separated by SDS-PAGE on
10% Tris-HCl polyacrylamide gels, and transferred to nitrocel-
lulose membranes using the Bio-Rad system. Lysates were used
in all experiments as a positive control. Nitrocellulose mem-
branes were first blocked for 1 h in TBS buffer (50 mM Tris-HCl,
150 mM NaCl, and 0.2% Tween 20) containing 5% dry milk,
incubated with the indicated primary antibody for 1 h in block-
ing buffer, washed three times for 10 min, and incubated with

an HRP-conjugated secondary antibody. Following all antibody
incubations, membranes were washed three times with TBS
buffer, and protein bands were visualized using the West Pico
system (Pierce).

TH Activity—TH activity was measured according to Perez et
al. (49), Reinhard et al. (50), and Cartier et al. (18). Using this
assay, 1 mol of [3H]H2O is generated for each 1 mol of [3H]L-
tyrosine that is converted to DOPA by TH and is therefore a
direct measurement of TH activity. 100 �l of sample was added
to an equal volume of 2� assay buffer to bring the final concen-
trations to 15 mM Tris maleate, 50 �M unlabeled L-tyrosine, 0.4
�Ci/mmol [3,5-3H]L-tyrosine, 5 mM ascorbate, 0.45 mg/ml cat-
alase, 1 mM TH co-factor BH4 (pH 6.8). Samples were incubated
for 25 min at 37 °C, and reactions were stopped on ice. Released
[3H]H2O was separated from [3H]L-tyrosine using 7.5% char-
coal/HCl. Because BH4 is an essential co-factor for TH activity,
the nonspecific background was determined in the absence of
BH4. [3H]H2O was then added to 4 ml of Biosafe II scintillation
liquid, and radioactivity was counted in a Beckman LS 6500
scintillation counter (Beckman Coulter, Fullerton, CA). Spe-
cific TH activity was determined as the amount of [3H]H2O
generated per minute and normalized with the amount of total
TH in the sample as measured by Western blotting.

Determination of DA Content—Perchloric acid (0.1 M) was
added to confluent MN9D plates. Cells were harvested, homog-
enized, and centrifuged at 15,000 � g at 4 °C for 15 min. Super-
natants were collected and transferred to 0.22-�m Durapore
PVDF centrifugal filter units (Millipore, Ultrafree-MC) and
centrifuged at 15,000 � g at 4 °C for 10 min for further purifi-
cation. Samples were stored at �80 °C until assayed for DA, and
its metabolites were coupled with electrochemical detection
using HPLC. Aliquots (10 –20 �l) of the supernatant were
injected onto a C18 column (3 �m, 2 � 150 mm, ESA Inc.,
Chelmsford, MA) using a mobile phase consisting of 50 mM

H2NaO4P�H2O, 0.72 mM sodium octyl sulfate, 0.075 mM

Na2EDTA, and 10% acetonitrile (v/v) (pH 3.0). The mobile
phase was pumped through the system at 0.3 ml/min using an
ESA 580 pump (ESA Inc.). Analytes were detected using an ESA
Coulochem model 5100A detector, an ESA model 5010 condi-
tioning cell, and an ESA model 5014B microdialysis cell (ESA,
Inc.). The settings for detection were E1 � �150 mV, E2 �
�280 mV, and guard cell � �350 mV. The limits of detection
for DA were in the femtomole range. Detection for DA and its
metabolites were identified relative to the retention times set to
known standards.

Data Analysis—Results are presented as mean 	 S.E. Signif-
icant differences between means were determined by Student’s
t test, with p � 0.05 considered statistically significant (*).
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